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ABSTRACT

Purther developments of gust design procedures based on
power spectral technigues are presented. A number of topice
are considered, and presentatlon 28 In the pature of 2 series
of interrelated smz2li reports under ohe cover. Generalized
ioad exceedance curves are considered theorsiically, and
certain significant properties of these curves are established.
1t is sho¥n that response and design considerations may he
expregsed in terms of three baslec paramefers: P the vropor-

tion of time in fturbulence, 0y the gust severitfy, and a shape

parameter which defines the gemneralized exceedance curveg. Over
a dogen different families of theoretlcal exzeedance curves

zre generated. The basic response and environmert al parameters
that are cf concern in Gesign are discussed, and the use.of
composlte values of these parameters ag might be Involved in
mission consideraticns is sho¥n. The composite gust Intensity
value G, s and the related 8cale value, 1. , still represent

ungettled questions. A reexamination of some previous aivline
orerational data in terms of generalized exceedance curves 1s
included.

Recommendations on four specific degign procedures are
given. One of the deslign procedures, based primariiy on the
response parameters A and HO » incorporates the results of

computaclonal studies that were performed on certain existing
aireraft as 2 means for establishing design boundaries. The
problem of determining the probablllty of exceeding given load

- levels in flights of specified duratior is Investigated. Areas
“and parameters which are consldered to have weakness or uncer-
tainty are indicated. and reccmmendaftions are accordingly made
for appropriate future research effort. Consideration of the
gffect of Tiltering on deduced scale vaiuve 1s included in an
Appendix.

This abstract iz subject to specific export controls, and
each trausmittal to foreign governments or foreign navicnals
ray be made ¢nly with prior approval of the Alr Porce ¥light
Dynamics Iaboratory (¥DTR), ¥right-~Patterson Alr Force Base,
Onio 45433,
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SYMBOLS

A structural Pparameter; qx = Aog

() funetional notation, generally representing £
nondiunensional exceedance curve 75
F (o) Fourier transform of variable =x %g?
h altitude ; ’
L scale of turbulence zif
m number of aircraft in fleet %%;
n tofal number of times load level x 1is crossed ;ﬁ

with positive slope

Lo \,
" iyt
X L7

Ty total nuniber of zero erossings with positive Slope

QL"nu total nunber of erossings with positive glope at
Jimit and ultimate loads

number of times per second load level x is crossed
with positive slope

0 number of zero crossings per second wilth positive
‘ slope
2
p{x) -1
. s ;
r(x,x) varlous probability distribution functions §§
p(x,t) t j

proportion of time spent in turbulence

NG .

g
Lan)

>
-

-3
o

probability of reaching x in time T

T g
%

<"

a(o) probability distribution function of o

N2 .
A

"

ratio; also rate of climb or descent

i

time J

various £light times, Including lifetime value %

,T2 time spent in turbulence §
average time to repeat x %

%

flight veloclty

T A
LR N

ey

oy

viii




St Sk

ﬁ"«fgxg cop o b L L o 8 P '-,.':
‘MS&E"“‘ o~ ’ 2 v .

1Y

Qe

Note:

vertical gust veloclity

SYMBOLS {Cont*d.)

regponse vardshbie, used generally in the sense .of
belng an dncrement due fto gusts

load Level dncrement giving limit Load

dead level dncremant giving ulvimate load

A~ load level

constant used in defining wuniversal curves

wavelength

PoMeSe

vailue

composite r.m.s. value of vertical gust velocity

PulleBe

truncated r.m.s. value

value after filtering

composlite truncated r.m.s. value

BeleiSe
TeMeDe

PeMoBe
time

value of vertical gust veloclity

walue of wariable x

value of waridgble x
Aerivative

powar spectrum

anguwlar frequency

spacial frequéncy,
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SECFIOoN 2

IRTRODCCTICH

Unéer contract with the Air Force Plicht Dynenics Labora-
tory, Zeronsutical Research Asscciates of Princeton has Leen
éeveloping procsderes for designing alrcraft for gust encounter
based on power spectral technigues. Reference 1 reporis the
preliminary firdings of these stmdfies. 3In particular, four
possible design drecedures covering various degrees of sophistica-
ticn wa2re brought out, Thais report presents the results of &
continuing phase of effort aimed at evolving further the proced-
nres, as weil as investigating other aspects of the spectral
azorrcach to gust response and design problems. The preseata-
tion given kareiz is in the nature of a series of small reports,

i 2 variety of interrelated ‘topics which pertain to the
subject of gust lnads znalysis of aircraft.

2As was brought ozt in Reference 1, related work has simul-
taneously been carried ocut By some of the aircraft companies,
sporsored also by the Zir Force Flight Dymamics I.ahoratory
and undexr monitorship by Dr. J. C. Ecibolt, the principal investi-
gator of the present investigation. These were computational
studies of certain existing gust critical airplanes that were -

R
designed by the discrete-gust technique,; and were aimed at 1-

establishing for these aircraf: some of the basic response -
paransters that are significant in a power spectral design approach.
‘“he results, References §. 9, and 19, are incorporated herein

as one of tue means for ¢uiding the choice of spectral design
numbers and design koundaries, It is well to repeat here one

of the underlying theses that is bzing followed, namely, that of
applying a possible new procedure in retrospect manner to proven
gust critical aircraft with the concept that if they had been
desiqgned criginzlly by the new procedure, safe designs would

have also resultzd.

o %
55

AN »xziw‘

Sy e
N e

. A



SECTIOKR 2

TARORY FOR LEVEL CROSSINGS N(x)

Tris seection gives some of the basic theory that is
associated with level or threshold crossings for random time
history functions. Applicaiion is then made to the gust lcads
case, with the view ftoward developing further the concept of
"aniversal load exceedance curves' that is brought out in
Reference 1. I3 is shown, in quiie general form, that load
exceedance considerations need only involve three basic
envircnmentel factors. A new and remarkabis moment property
of. the. level crossing curves is also established which is of
governing- 1mportance-in the mathematical description of these
curves -end which should be of marked significance in the
1nt¢rpretation and use of flight data on load exceedance.

Ganeral Forleatlon. A derivation of the general equa-
tion for determlning the number of level crossings is given
first, using an approach which is slightly different than that
used bvﬁﬂlce.4n Reference. 2,. Consider a random function of
time as -dépietedin the following sketch:

o
}

>

X
-

"
2, .

we wish to establisn the statistical estimate for the average
number of crossings of the Jevel ¥ . For any one crossing,
the. amount ;0f time to crosgs the interval dx is

1Y

. dt = dx

| ]

In a tétal time T , the total time spent in the incremental
area dxdkx is, by definition

= Tp (x,:’c)dxdfc

where p refpresents the joint-probability distribution function

of the rundom function x and ite time derivative x . The
total number of dx crossings in time T 1s thus




¥e now find the contribution from all possible %'s by inte-
gra.uing with respect to x , thus.

5 = ‘I.‘f |%]p(x,5)ax -

The prebabillty density function is suaposed symmetric, and,
therefore, the.contribution from negative x should be the
game as for positive x ; the equa.tion may tnus be written

i S TR

= 2T XP( ,X)dx (1)

5 3 Sy
e IO

This eqguation yields the: total number of crossings, both up-
ward and downward, of the level x . The number of upward
crossings (or the number of downward cressings for negative
x) is given with the factor 2 suppressed. Thus, suppressing
the 2 and putting the eguation on a per unit time basis, we
obtain the following- general form for the number of upward
crossings per unit time of the level x

N(x) = B =fx p(x,%)dx (2)
c

‘I'his equation is ftrue regardless of the form of p. Specific
analytical exprensions for N(x) may be found by substituting
in any plavsible and convenient expression for the joint
digtribution function p . In gereral, these joint distri-~
bution functions need orily have the following constraints

or properties:

1-= ffp(x,x)dxdx

TR Mok e
e b e R L S s ey A0t R I
P '
/ R . . R

oxe. =jf xep(x,x)dxdx
-~ -0
o 00 (3)

0" = J l °p (x, %) dxkdx

P = [ (ke

g .
A

AL
3

o




I S

In addition, we 1limit ourselves to only thoge p functions
which are symmetrical in both the x and x directions.

A study of these equations indicates that p(x,x) must
be of the form

pk) =i (FL 5.9

X

where g is.a'nondimensionai funetion which is described
completely by means of & “shape® parameter o , and by the
nondimensional independent variables x/c and x/o- s

which involve Oy and Og > the r.m.s. values of x and X .
The factor 1/27 is includzd simply as an aié to be used later
in defining the basic frequency parameter N, . (Hote the

symmetric properties of p can be explicitly brought out by
2

writing g. in the functional form g(;g '5?" @ j. but for

simplicity the square notation will be omitted ) Substitution
of this equation for p into Equaticns 3, and introducing
the notatjion

¢ =-§; (52)
7= (50)

gives the following properties of g

1Jf g(& n, @) dndé (6)
.l = %{7‘
J

et
ll

c\"8

®e(t, n, @) dnat (7)

8

}_‘l
i

= 2‘17; fnee;(é, 1, @) dndg (8)
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-

Application to Gust Encounter - The Three Rasic Environ-

mental Factors o, , P, and @ .- 1In application to the

airélane gust encounter problem, Equation 2 applies, of course,

only during turbulence encounter. To make the equaticn yieid
results which give the average level crossing rate basead on
entire f£light time, we multiply dby Tt » the total tim2 spent

in turbulencé, and divide by T , the total flight time; the
result is ‘

o

N(x) = b | %o(x,xjax (10)
0

where ?-='Tt/T dénbves‘ﬁhe proportion of time spent in tur-
buléfice. Substitution of Equation U4 into this equation yields

(o n o . .
] _ X ' X X X \A X FER IR
N(x) = P 20, b/ o, ° (Gx’ o’ o o, i)
X
= PNOf T a) (11p)

This equatiun is of fundamental signif cance. Apart from NO s

which is related to the structural resucnse characteristics of
the aircraft, it shows that the level crossing history of an
aircraft in gust is dependent on only three basic parameters:
P , the proportion of time in turbulence; Ty s the seyerity

parameter; and «a the shape parameter of the curve f %i

It is noted that the equation is derived throvgh general con-
sideration only. Concepts of an atmospheric model consisting
of a series of patches (see Reference 3), or involving ths
assumption of Gaussian distribution, need nct be introduced.
Instead the concept is advanced that the gust encouater ex-
perience of an aircraft can be described complefely in tarms
of an overall distribuvtion curve »f the type given by Ecuation
4, or, alternatively, by Equation 11. These two equations
form the basis for developments contained in this report.
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of Bguatlon 11 pmight ss75= we== 2% ihig point. ZFirsg:
represents ang’ggriable’of ¢orcern, eitnzer irput or Tasput -
response. If X is 2z response variadle, thenp itz r.=.5
value is reiztzd fo the »

¥nown expression

Q
I
:

OQ

The "severity® ¢, is Thus reiated directly to th2 cozposizte

geverity ¢, of the gusts fhrough the paramsier 2 . T
practical evaluztion of thez siructurzai response cuzniiidies 24
aad RO by sy=ctral technigues is considsrsd in Reference 1

and 3.

>

Secondiy, we note. without detailed elaboration, thzat
counlete statiopariiy is nct & nscessary prerequisite for the
random variable x .  Statioparity of HG ig implied buv Ths

local r.m.s. value {as defined on z paich sense basis) nesed
not be. Varying Hb values are easily da2ken inio account ©y

a2 superposition techrique.

Thirdiy, it may be ra2marked that the observaticns sug-
gested ty Bauetion 11 sre slso supporicd by practical consi-
derations., Thus, if one reflects and tries tc single oul the
main factors which govern gust 1loads experience, it seems
plausibie that the logic wouid parrow down to the following
three guesticns:

1) ¥hat is the time spent in turbulence?
2) What is the severity?

3) What is the general shape of any chosen
s.oad-deseribing curve?

These threc qﬁesﬁidns are reflected by Equation 11.

In the next section it willi be shown that the first mo-
ment of the area under the K{x) curve about the origin {con-
sidering the right-hard plane only) is of significant practi-
cel importance. Thus with Zquatione U4 and 10 we write the
following for later use

o 0 o
. 2 fx x X X \ X X ]
Xd{x)dx = PNyo,” || =5 8 (——,- @) d 5-d = (12}
C:/1 0 :’:Odz[ o, O o o %y 7 3L % 6,
7
= - T T e mmn e e - -

Soz2 gereral ohssrvatisns pertaining to the sppiicebliiity
Ca. =

Y
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General Besults and Easic Mowent Propertv Por a Practiecal

Subkclasg.~ If we re’Trict oar atiention te & certain pracwical

eizgs of random functions where, £t least, the functien znd the

Pirst derivative are confinuous, then £ rr properiies of

note mey ve deduced in general. Specifiealliy. suppose tke

frnetiong are deseribed by Joint-i.suﬁ pution functions wherein
. the independent variables always app2ar in ¥he combination

2 =2

XX __ ;2
- _ o 2 0»2
i x %

¥e introduce ihe cliange of variable

e
lI
Sl
]

r gcos 6

o - :r H -
=< =17 gin &
n e = 8in

- -

-l
1} :
™
N
]
Uty
N

‘e
-

and for doubie integratioﬁ, we have., through the Jacobian

- d¢gdn = rdrds

_ ¥ith these relations, Equations 6, 7, 11; and i2 become
o .
2 =='J rg(r, «) dr
0
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[=2]
{x
%ﬁl— = J rg{r,a)dr
0
X
O¢ .
© 0_2 o«
fx %Nb—;)— dx = -32‘—— f‘r3g{r,a)dr
o - 0

From the first and third of these equations, we see that

._f_lg,qx or £{x,u} of Equation 11 must bave the property
2 G _ -
%‘? = £(0,a) = 1 | (13)

while the second and fourth indicate that

©

fx%%-)-dx= . (14)

X
0

Equation 14 is of fundamental interest and significance.
Geometrically it indicates that the first moment of the area
under the right-hand side of the normalized excecdance curve

mus’ eguel orxz » & fact evidently not known before, This

fart and Equation 13 place important restraints cn the form
that the exceedance curve can take, and are mcst useful in
establishing snalytical expressions for the exceedance curve,
as wlll be seen. These twd properties should slao he very
helpful in the interpretation of experimental deta; in fact,
if in the deduction ol exceedance curves from flight data it
is found that these properties are not met, particulerly the
moment property, then it may be surmised that there is some-~
thing wrong with the data evaluation or interpretation.

It is noted that Equation 1i} is exact if ¥, ie invariant
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SECTION 3
SPECIFIC LOAD EXCEEDANCE CURVES

Derivation Procedures.- At least three different
procedures may pe used for deriving specific load exceedancs
_curvee as described ir the fellowing.

P TI

Direct means-

’ In this procedura, a form of D{A, ) satisfying Equa-
tions 6 7, and 8 is assumed. BSubstifution into Egquation

10 leaﬁs then directly to the result for N{x) . As an exam-
ple, & cése often guoted and used is based on’ the assumption ]
that x “end X% obey a joinﬁenozmal or Gaussian distribution.
In yhis 1nstanee, p- is given by ]

A g o oA il

: | L ] x? N i?
2 2
2qx 20x

. i 1
P{x,X) = 5= —=— e
? P22 U, 05

Substitution of this equation into Egquation 10 and the last
. _of ‘Eanations 3 yields
§

_ %= ‘ (15)
T e
N(x).=ENe X
- %7
' 1 A 20,
p{x) = ./‘ e (16}
2T X

which are noted to be & form of Rice's results.

It is significant to note that a Gaussian assumption is
aot essential in the treatment of gust 1oads, as has been the
general belief or the underlying assumption in previous studies.
Any plausicle form of p(xéx mgy be used. As'a specific

example, 2T
. 2
1 -~
p{x,x) = P, 0, | T g2 %2 atl
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x
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then the following equation results for

Nix} _ 1
PEQ - ’l: x2 a
27 1+ s
[ Z{a-1] g 2}
X

By summa,t:.on of Gaussian Cases
T Adthough nod” necossary, the technique @described in
Réference 1 for the composite gust model consisting of the
enccihier of 4 nubber of Gaussian patches of turbulence with
varying r.m.s. values of .Lntensity is, of course, still valid.
The intensity values of the various Gaussian patiches are

characiterized by a probablllty density distribution aq(o)
.with properties

f ozq(o)do = oxg - A7

The variable o correspeonds to the o ” used in Equations 15
and 16; the oy given by Equation 17 refers to the r.m.s.

value of all the patches linked together. With q chosen,
we use Equaticns 15 and 16, with the subscript x dropped,
and arvive at the composite results given by

£
2

0
. : 20
p{x) =-—3:—‘-,Jq ;16 do 18)
- 2T 5

; - xg

i;l(;c) = PN, jq(o)e 2" do
0

-

iz




As is proper, it may be shown that the composite density
curve must satisgfy

=]
1= f p(x)dx
~e0
- ©

o, = j xzp\(x)dx {20)

-0

Dual but equivalent definitions fér the composite r.m.s.
value of x are noted to be given by Egquetions 17 and 20.

‘1’6 illustrate this procedure, we use the well-known
case where g u5 assumed to be

Substitution of this eguation into Equation 18 gives the
famiiiar result

- X
o.

‘ N=PNg (21)

By summatbion zimewise:

Reference 1 indicated that egquivalent composite results
could 21go be obtained Ly assuming that the Oy in Equation 15
is expressed by a timewlse veriation instewd of by a distribu-

tion gq . In this case the composrite results are given Ly the
equations

t2 _ x2
e .—.:}‘..... ‘1 P :‘E‘. e EU dt
T ATttty ej °
1
t, x2
PN —
= e 0 8 20 dt (22\
Tty !
5]

e —

VT EAE T MAD AL A 502 M

P

o okt ry P fosnyinin- Ale S80S

)




PURVPPRRITTE £y 2§

Sima

coe crnosen functiim of Sime.

in

wrers o is
a2 sizpls exazple, suppos:

1 i
=

g

P

" W}Mﬁ@\‘m A Ykans, .

Supsiitetion into Rguetion 22 yieids the resuit
2, 2
/ X tl X tz
T T2z -7
e 22 1 f F \
_EB x‘a'_z PR, —m— o ie ] -2
- { L ¢} Sa_-u }:? % /

The ponstapt a iz esta
value 28 _fven by

’ ' o t
. 2
> 2.
b4 02-‘9- ;
: ¥
or
— » , - - g
2 - g “p 2
% = Tt log'%g
- 2 "1 i

Additionzsl M¥oment Prgperties.- Further information on
Eoment properties, specifically the relationships between the

various order moments of the arss under the v , ¢ , and N
in, can be derived by suibable mznipula-

curves apout the orig :
tions of Zguations 16 and 19. Becsuse of the symuetry of the
P &4 N c2urves, odd-crder moments are teken using ths right-
plane only; even-corder moments consider boin right and
A

hand
left halves. %Thus, from Equations 18 and 19, the following
equalities may be deriwved . .
- {d /,00
;;’: ofx E Ez'/ X pfxs dx = ,/2:;] a’g ()
- o> o »
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The fifth expression is noted to be the important moment
propérty that was brought out by Equation 14, These moment
relations are valid essentially for only the class of functions
wherein at least the function X and 1ts first derivative

are continuous.
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Apalytical Forms for N and p .~ As derived from the
foregoing considerations, a number of specific analytical ex-
pressions for the "umiversal" curves for A§{x) and p(x) are
presented in this section. Three forms are zcnsidered.

General form:

A large number of specific analytical expressions were
derived by means of Equation 10 or through use of Equacions 18
and 19. Some of the more interesting rezulits obtained are
shown in Table I as the first nine entries. Figure 1 gives
plots of the associated exceedance curves. For some of the
cases, q(o) is also shown on the figures., The first three
cases are noted to ‘be the same cases as those given in
Reference Y4,except that here results are given in generalized
form.

A compgrison of the various cases is given in Figure 2;
the specific eurve chegen from each case was arbitrary. This
comparison indicates that all the curves may be considered
to rgpresent~va§?ous deviations about a basic reference curve
defined by e %% . If a given universal curve falls above
this reference curve a%t low x values, then it must fall
below at high x +values; if below at low x , then it must
be above at high x . In general, the position of the "tail",
or portion of the curve at high values of x , is seen to be
very sensitive to the initial position or trend. This tendency
is simply reflecting the property given by Equation 14. The
fact that the curves appear to have large deviations from one
another at large x 1is, of course, due to the use of semi-
log plots; the effect, however, is of much importance in load
exceedance and design considergtions.

Composite forms:

In the development of the universal exceedance curves
of Figure 1 and in taking into consideration the form suggested
by flight data, 1t was obegerved that a deg;rable curve would be

F=
one which fell essentislly along the e X curve for a wide

range of x and which would then depart in upward fashion
from this trend at large x . A universal curve of special
interest and having these characteristics was therefore
developed through use of a composite technigue. The curve is
shown in Figure 3 and is derived from Equations 13 and 14 as
follows. :

Assume the upper and lower portions of the curve are

given regpectively by simple exponentisl and power laws ac~-
cording to the expressions

N _ _-~ax
P‘N*G"e . > X < Xy

. s
& > X > X
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and assume that the two portions Jjoir with equal height
slope at the joining point % . These two joinwng conultlons
- allow for the solution of a “and b and yvield the resuit

. s X< xy (232

(x'l\a > XX (23p)

We now invoke relatfon 1#4 to solve fcr X and £ind that

aa

X
= - : (23¢)
1 1+ &2 e : {
L . /T - a2 é
Condition 13 is automatically satisfied by the exponential %
function choice. Eguations 23 thus form the universal curve g
shown in Figure 3. The eguations and associated curves é
applyinﬁ for various values of a are given below and in :
Figure 4. where fa and fb are used in shorthand way te g
denote the two portions of §§— : ¥
. 0 £
x !
a = 6, fa = 6-100025 Ox ?
l 6
5.985¢ /2 20,
£, = X
i b ( ex ) "\ Tx /
-1.000818 %
a=1T, I, = X ¥
2T - !
: N 7
o /6 .99427’-1-0&) ) <2.57Ux> %
b\ p y
“ _x 8
; Q= 8,9 T = e ax g
& : 8 8 %
* - 80 2.%%4¢ .
: B ;
4 k
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. A°Study of this set of universal curves in the light of £light
.@ata incicates that only the larger velues of ¢ are of prac-

tical evucern. For ‘these larger values it is noted that x,

is given in good approximation by -
R

and thus Equations 23a ard 23> réad simply

X
E _ .~ o X
— —P-ﬁ;A—e ,—5;<a (248.)
N _'/aox . X
2 j535> s 3; >« (24b)

Strictly Sﬁeaking,‘to preserve the moment relation given by
Equation 14, the coefficient of unity in the exponent of
Equation 24a should be minutely larger than one (as given by
23c); the difference between plotted results when using unity
or the prezise value cannot be detected, however, and so the
use o: unity for practical purvoses 1is Justified. The combi-
nation of Equations 24 thus forms a remarkably simple and
easy to apply univergal curve for load exceedances. Its ease
of application will be seen in scme of the subseguent design
applicationa. Equations 24 also include another case that has
been of specilal interest; that is, when o = = the result i3

simply
18
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newer developmenis of the present

Tnig is noted ©o be Czse & of Tehle I,

-

Cases ¥ znd £ represent two oteer inferestin CV:DO‘
siie forms that were ﬁ.rzfaé througi: ase of Eguations
ik ang which show characterisiics simiiar to Case j 3
discussed; plots zre given in Fijgwres 5 and 6. Casz k
noted to be 2 rerinsd version of the form

l-"(' LU

s

z -
E—:-e i + PLE *2
Hb X 2

#bich has been referred to offen in pravious studiss. The

2 pri
port have been used to
is compatible with the

re
ezpress the €quation in a form that
other czses.

Superposed forms:

Zfter performing the work covered in the precsding
seﬂtions, wh_eh had the underlvﬁﬁg aiz of f#sveloping reasonably
simply znalytical expressions for the exceedance curves, and
which at the same time ylelded desired shape characteristics,
the following fact was realized. Any number of different ex-
ceedance curves can be added together by coofficients which
sum to unity %o yield yet another exceedance curve. Speci-
fically, in terms of two different chosen exceedance curves
fl and f2 s the following applies in zeneral

i [ x x
A= {2~ -0 g (F)r e, (E)

Case m of Table I, and assocliated Figure 7, iliugtrate this
technigue. This case was formed from Cases a and d and is
of spﬂcial interegt. It iz cuite simple analyticslly, and.
in the light of available flight exceedance data, shows E_,oo'q
ghape characterisgtics.

With the variety of cases presented in Table I, the
question naturally arises gz to what forms ars most appro-
priate for practical use. In partial answer to this questiocon,
w2 must admit that at the present time not enough experimental
data exist in true generalized excesdance form to allow a se-
lection to be made (or to associate form with mission type).

15
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SERCTION 4
BASIC PARAMETERS FOR DESIGN

In general there are five basic parameters which are
invcolved in the consideration of gust loads. Two are the
basic structural response parameters A& and H, , and three

0 rd
are fthe basic envirommental paramsters brought out by Equa-
tion 11, namely P , O = Acc 5, ard o . These parameters,

with the exception of .« , are discussed in this section.

Bzcause of their close tie~in, A and o . are discusssd

together. A sixth parameter, the scale of turbulence L ,
may also be mentioned. The scale L and the parameters A
and dc are so interrelated, however, that only two of the

three may be considered independent. Thus comments on the
scale value will also be made when appropriave in the dis-
cussion of A and o, - A further discussion of scale, par-

ticularly the effect that filtering of time history gust data
bas on deduced scale value, is given in the appendix.

o A e .

' 4131 of the éuhsei;uént discussion is based on the fact ]
- which is demonstrated by Equation 11 that each one of the :
parameters N, , P, and o, may be considered toc be a com- .
g

posite value of sl1l1 the flight experience. These conposite
values may be establighed conveniently by assuming that the
flight of an aircraft is expressed in terms of various flight
segments as depicted in the foilowing sketch:

Segment 1 Segment 2 Segment 3
. ge3 Gco °'c3
'—-'_JM"'% e %
o b b i
* X2 3 4
—)'.."‘kv""}w - Ao bl —At. A ’
X I'PQT%] i 5t
. e i b T:‘ - '
T o 1

S0, (AR, %,

The segments are arbitrary and may represent, for example, :
climb, cruise, and descexni - or any other convenient and ap- !
oropriate breakdown. The model, somewhat analogoue to the
discrete-gust patch model concept discussed in Reference 3,
corresponds to a condensed ver:ion of a missicn approach. In j
the development of this reporc, the Jdetermination of exceedance :

A e

21

= .. - - - e . - - - ———
R e N L L S S SO .o N e o . -




curves for eaci gsegmeni is obvigted, :,'et generplity and a fee}.
for the sens,;tim.ty oFf mission results $o the fndividual seg-

ments can s8till be *‘etaimd as m_ll be seen.

‘ Géneval releti onships which as)ply to this rodel and which
are to be u&ed turcugmut tne developments to follow are

| MeEm erm e S
- 62 4 g2 e
- % T 4—’5”‘3—-‘%1 T Bolos, ¥ P3T;3UX3)5 (=) :

Wher& fBz:' cem:eniencv iz; ‘writm"., considerat:.on has been

LT oM

Adu:bicnal basic relatlonsluns .involv:.ng the b*cructural

......

p;),rameter A 7 Care
o 13 o= o =— - ) (288,)
SR T e a Aﬁ cxg
o, = Ag, {28b)
) The Frequency Parameter N, .~ The total number of B
upward Z6To CroSsings ToT The model would be
= BTN, + BTN, + BTN E -
From this equation the composite NO follows simply as
N L
Ny = 5 PT( B TyNo + PNy + PoToN, ) (29) y
The basic spectral formule for evaluating the individual 1 é
No's 1s glven in Reference 1. ‘ %é
- ’:%?
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The Composite Proportica of Time Parameter P.- Some

past eTforts hnave atieroted o establish the average amount
of time that is spént in turbulence, and particuiarly the
vaziatian with altituds. Results vary considerably, Referen-
ces %, 6, agd 7. Becaise d@ifferent analytical technigues
¥ere used, there is some guastion on the religbility of the
results. In an attempt to ascertain eppropriste values of

P , consuliation w2s made with various girpiane pilots. . One
in particulzr, YNorman A. Hurphy. who has many Fears of ;;gh%
experience Inyoiving crop dusting, charter, and co;veratp
flying, presented a picture on proportion of time which is con-
sidered $zruly smazing. He verified that geographic location
and sésson were, of course, dum_nant factors influencing gust
enccinter. For an overall coverage, houever, Mr. Murphy
guggested a breakdown involving dayiime (8 a.m, - & p.m. } and
‘ﬂ;gh“t_ms 8 p.m. - 6 2a.m.) cparat;on. The results he gave,
purely from mental reflaction, are shown in Figure 8. Since
these results are not dependent on a specific gnalytical re-
dhctaon.groceﬁure, they are considered the most religble yei
shown.

As an 1llustra$10n of how the values of P shown in
Figure 8 may’bc used in mission consideration, consider the
daytize velues to be represented by the scolid straight line
eegments which are deflned as followss

- .1623 TG—G—G-

“P=iBe” "~ 0< h< 15,000 7
P =07 7 15,000 < n < 30,000 ) (30)
0886 B .
P=¢ 1005 30,000 < h o

Th2se equations may be combined with any assumed mission in
accordance with Equation 25 %o yield the effective value of P .
Because ¢f the andlytical form assumed for the P's , exact
integratlon can be used in place of a sumnation convention.
Frr example, the results found from Equations 30 and the as-

sumes mission

£
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are the

0 < b < 15,0007
‘8€£‘ra+’,8[1

2 ) ~-ah
"fr—é(l -!-a.h)]e

15,000 < € 3o,wu,
p= 8.2 3 oF {

Tra g (1 + .L,,OOOa)]

(31)

30, OG’O/ <“ “h.z b

P= .8+ 0T 5o (2 -1 +15,0008) +

{1:' ;D (1 +bh)] ~bh

Lo . »1623. _ 0886
where a =355y s P = “I5po
climb and descent, here considered equal. Figure 9 shows the
results obtained from these «quations. These results repre-
sent expected average values of P for the assvmed mission
for daytime operation. Because of the similarity of day and
nlghttime curves shown in Figure 8, estimates of P for opera-
tions which represent a combination of sy and nighttime
£1lights may be made duite easily from Figure 9 through use of
a oimple reduction factor. Thus, for & combination of half
daytime and half nighttime~flights, P may be estimated

simply by mitiplying the value shown in Figure § by .6 .

For all nighttime operaticn a factor of .3 sappears reasonably
good.

and'where r 3is the rate of

The gpinion is given here that values of P for opera-
tions which use turbulence-avoidance procedures, as practiced
génerally by the comsercial airiines, are probably not oo
much less than the values given in the preceding paragraph.
Usually the intent of avoidance procedures is to aveid mainly
the severe turbulence, and this type coniributes only s small
amount to P . The principal effect of avoiding the severe
turbulence probably shows up more as & change in the value of
the shape paramszter a , as examples later in the report will ;~
show. .

Resulis for P were given in Reference 1 for a different
essured basic variation wilth sltitude, but no equations were
given. The variation considered vas given by the exponential
form

24
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Consideratior of the basic cliwb-cruise-desersnt type mission
led to the following equaiion:

,wlg ‘

DR G = D

where hi is the mission cruise altitude. This equation

gives ""ae rosults shown iu Figure U4 of Reference 1, Vol. IT
(the °abscmpt m is dropped on both P and h in the
figure). The resnlts given are for the assumzd values of
Po = ,2 and g = .OBKlOOO .

XTS5, S S R i el

The {lorgpusite Severity Parameter Og and the Related

Parameter A .- The composite severily psrameter Oy is

given by Equation 27. From the basic relations 28, this
severity vslue becomes

2 2 2, 22 :
oy = op(P T4 1 + P lZ‘ + P3T3A30c3) = A"o, (32)

Lgl—‘

i)
In application, the An's and 0, 's of this equation cannot j
be trested independently alt the present time because they are
closely linked together by the turbulence scale value T .
The ‘values of A are strongly dependent on the scale value
used in the chosen gust spectral equation and, in the con-
sideration of flight data, it has not been possible thus far,
because of instrumentation limitations, to separate the ef-
fects of O and I: ., Thus, neither g, or L , or the

variation of thes2 guantities with altitude, are really kuncwn
at this time. ¥We must await better flight test data to as-~
certain their values. In the meantime, the approach given in

Roafaores

Referznce 1, making use of the truncated value of gust inten-
sity, is suggested.

The truncated value of intensity, as associated with the
area under the spectrum beycnd a frequency ’Qt s is given by

S’ A

8850, ’
; TS V£ ‘
(LQC) :
i :
Ky :
(Note, 6y and {, here replace ths ¢, and £ as used in i
¥
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Befersnee 1, and G, is the gust dntensity of ons of the
patckes that mske wp the composite vaiue o, .} In generai,
G. 3s Ziven wiih goof zecuracy by the f3ight data, and so

The T2st that can pe said 2bout o ané L 1s thet they
gTe scoe cozpinsticn that sat‘ssfies this relation. Without
soze additionzl pisce of Znformztion. no urique values can

b2 esigblished. ({Soze bounds exist, of course, on o
ii cannot 5e zmziler then o, nor ig it larger than the mean

square value of the raw “im., history datz of gust velocity.)
._»ac?:ing specifie ._nf yrmztion on o_, We can treat g, as the

‘nasic zust 3Intensity varizble. Con»ents of 2 i.stri‘butz.on
curvs .=.o-r G > similar to that used in Eguations 18 and 19,

and a variat ion o c. with altitude, similar to that given

¢

’ i-e.’

Zor O in Figure 3 of Be;eren»e 1, Vol, ITI, zre equally valid;
o.  represeniz the composite value of oy , analogous to the

oy

e _
use of o, 2s the corx‘g;os:}.‘te value of o, - HWe mzy write;
therefore,

C
G;bc = IL \1;3 ¢ { ; - (33)

£

On the basis of the Iimited information that exists, and also
ag pariially guided by the results that were obtained in the
reexamination of some airlire data as given later in this
report, We assume the following: that Ut = 2,45 for an

a.ssocia.ted % 002 . These a.,smnptions lead to the G

values shown in Figure 10. This figure is tentatively sug-
gested for design purposes. ' :

An eguivalent procedure for treating o, is the fol-

lowing. If ¢, is eliminated between Equations 28b and 33,

It

(3%)

Reference 1 indicates that Al is fairly insensitive to I .

Thus, ags an alternetive to the use of Figure 10, design coulld
make usc of Equation 34, with o, =2. k5 for Q = .003 as

e
the tentative choice for the truncated gust intensity velee.
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In this form The necessity of considering I dis virtunilly
eliminaved.

The composite value off A is of interest and may be
derived directly from Equations 26 and 32; the result is

o Oy ’11*“’2‘*2*73“3

AC = (352)
%2 Y + Yo + 73
P T -
_non 2
where vy _ = - J . If 0o, =0, =0 as is sug-~
n_ PT cn— ¢y 02 c3 )

gested in Reference 1, and in the preceding paragraphs, the
solution for A dis simply

o Py 5, B T

LY Y (350)

Thus, Equations 35 provide for the fairly easy evaluation of

. . the effective or composite value of A for use in load ex-~
ceedance consgiderations. An illustration of the application
of -Equation 35b to a fairly complex type mission is shown in
Figure 11:; the numbers given nesr the bottom of the figure

- show whicn of the segments Lontrlbute most to the compocsite
value of A .,

With respect to the concept of using an increased o

c
value when increased severe turbulence encounter is contem-
plated, it should be mentioned that the results given in
Figure 5 of Reference 1, Vol, II, are slightly in error; the
correct values should be the square root of the values shown.
The equation appropriate to the figure is derived as follows.
Consider the sequential encounter of turbulence of intensity

0y for a time Tl and of 0y for a time T2 ; the total time

of turbulence encounter is thus T = Tl + T2 . The composite
meanr square value is given by

T
2 _ 1 2
Gc"Tf dt

W
0 T3 T
1 2 .2
e = .., wldt + f det>
%5 Y T-T,
1 2 2
G =5 (Tyo7 + To0;5)

S
ALt
SRS R
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(36)

The correct values of o, /c as obtained from this eqguation
are given in Figure 12 (note Pl and P? of Figure 5 in
Reference 1, Vol, II, are replaced here respectiveiy by T 4

and T,).

Errors and Sensitivity to A and NO .~ The sensitivity
of N to possible errors in A or NO s or to errors in o

c
and P, 1s of interest. One way to show this sensitivity
is to assume that A or N may be in error by a given per-

centage ‘and to determine how mach N has changed as a result.
Figure 13 shows typical results; the figure shows the percentage
change in N due to an assumed 10 percent error in either A4

. or O, » Or NO or P . In Figure 14, error effects are brought

out in another way; number of exceedances as might be obtained

in -g specific case are shown for base values of A , NO s Oy s
and P , and for values of these parameters which are assumed
to be 4n error ¥ 10 parcent. The main effect noted from these

figures 1s that small errors in A or o, can lead to large
errors in N . A 10 percent error in either No or P gives

& 10 percent error in N , but a 10 percent error in A or

o, can lead to errors in N of several hundred percent.

These observations emphasgize the fact that A and g, are %he

critical parameters and need to be established as accurately
as possible, but that in comparison, approximate estimates
suffice for NO and P . It is noted that errors in A or

O can be likened to the use of a different ¢ curve. Thus

the choice of a and the accuracy by which A can be estab~
lished are closely interrelated.
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SECTION 5

EFFECT OF MISSION OH SHAPE OF RXCEEDENCE CURVE

The four possible design procedures that were advanced in
reference 1 are to pe dlscussed Turther in 2 subsequent section
on DESIGN. The subject of mission design merits some additlonal
clarifying thoughts however, and tnls censideration is given in
this sscétion. Thne mission design procedure that 1s being
Pollowed here, as in reference 1, represents a deparfure frem
that explored in the past. Here we do not necessarily build up
the mission curve by adding together the curvesz from all the
various assumed £light segments. We simply choosgse & single
univergal curve to represent the mission. PFor example, in
Figure 4, the curve for <« = 8 may be stipulated as the curve
applying to Mission A , while the curve « = 6 may be chosen to
represent Mission B . Thus, in the mission approach under con-
sideration here we simply specify one of the uani: 3l curves
{which actually may be established by experienze . .. anothesr
aircraft). In addition, we need values of G and F . These

may be established in two ways: (1) by stipulation, or (2) they
may be calzsulated through mission segment considerations by
Equations 25 and 26 {note Oy and P may be established on a

segmented basis even though the N curves are not handled in

-this way}. With the universal curve, 0, and P chosen, the

‘design curve is completely specifiled (except for the wvalue of

turbulent scale I , which is handled as discussed in connection
with Equations 33 and 34.

As a matter of interest, the effect of mission on the shape
of the mission unlversal curve 13 demonstrated by the following
treatment. Consider a mission composed basically of three
different segmenta, an ascent, crulse, and descent portion. We
may construct a universal curve applying to the whole mlssion in
a manner analogous to the gsegmented mission approach, but here,
we assume that each segment is governmed by the same basic uni-
versal curve, say cne of the curves in Figures 4 or 7. We write
for convenience that N( )/PN, = £{ ); the composite surve for

load exceedance then follows as

, /
n = P, TN f(-?-{-)q-P,Tﬁ f-’*—‘-—->+P.TN f<~f:~ (37)
1Mo f\57) * Pl *+ PaTNosT\u g

The analysis and equations that apply for deteimining the som-
posite values P , Oy » O and No are glven in the

preceding section. Through these equations Equaticn 37 may be
written in the universal form

3
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A?titude Effect. - To sse ho¥ the shape of the universal

curve might be iﬁfi—énced by mission, Eguation 38 was applied
to the ‘agsumed high altitude mission shown in the Pollowing

Note that the gust veloclty is assumed to be anariant with

altltude. Results obfained using the o =

as the basic unlversal curve are shown In Flgure 15.
universal ¢urve is shown also and is labeled zero altitude, since

“thig curve 1s precisely the result that would be obtained for an

§kere§-
© - 355000 Cruise
Climb. - Descent
- ?Iif 50 T2~— 200 T3 = 50 min,.
P = A3 07 A2
éf' = 1 ’ 1.3 1.5
K
ir'Q‘Il': 1 1.2 1.3
p; .
’0""‘—, = O'C O'c O'c

8 curve of Figure 4

The o =

8

assumed "zero altitudey mission. & comparison of results and
referral to Figure 4} indicates that the main effect of altitude

is vc yield a universal curve having a slightly lower value of « .

sbulence Intensity Effect. - The effect on shape of
increased operation in severe type turbulence can be demonstrated

Conslder, for example, an operation having

in a8 simllar way.
turbulent encounter as shown in the following skeich
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1f this model i3 analyzed in a manner analogous to that used
for Equation 38, the following result is obtained

by G
N 1 [,('x %2\ 2 ( X c)}
= i + = B (39)
PN, ) +.E§ Ao, 01/ T, Ecc 62
T
1
o o] ., O
where —2% 1is given by Equation 36, and where L._c_1 .
i . Op %3 %

Figure 16(a) shows the universal curves that are obtained
in this case fopr various values of T2/T1 and o,/0, ,

arbitrarily choosing the Case (a) universal curve of Figure 1

as the basic curve. With reference to Figure 4, we see that the
tendency to shift to curves having lower values of « 1s much
more pronounced in this instance than for the altitude case.
These tendencies and trends suggest that a reasonable scheme for
selecting the universal curve to use in design application could
be of the nature indicated by the following listing:

Case g Case m

1. Normal low alititude mission o = .005

2. Normal high altltude mission o = 7.5 01

3. Extended flight through severe € "
.0

turbulence a
The numbers given here are not necessarily reccrmmended choices;
they are intended mainly to indicate the general trends or
behavior. 1I¢ should be noted that the discussion here 1is
centered mainly on the shape of the curve; each mission may have
different composite values of o, and P , and they, of course,
individually have a marked influgnce on the load exceedance
history, as much or more so than the shape factor. In the
examples glven, these values were suppressed In the role of
normalizing factors so as to emphasize the shape effect.

Figure 16(b) is an extension of the results of Figure 16(a)
to show that as the assumed operatlon approaches complete severe
turbulence encounter, T. - 0 , the unlversal curve returns to
the same form as that for no severe turbulence encounter,

T, =+ 0 . The load history for the high ratios of Tz/'Tl will,

of course, be much more severe than for the low ratios of ’1‘2/"1‘1
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because S, is greater, even though the shapeé of the universal
curves are ﬁess;ent;[ally the same as for the case T2/T1 =0 .

The most markéd change in shape is noted to occur ¥hen ouly a
small- amount of severe turbulence is invoived.
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SECTIOR 5

REEXAMINATION OF OPERATIONAL DATA

The applicability of the universal curves of Figure 4
was tested by applying the curves te the fiignt opsrational
dats given in Reference 4. Part cof this reexamination con-
gisted of reevaluating the values of A and EO that applied
to the airplanes, because only crude estimates of these pare-
meters were used in the reference repori; the rigid body re-
sults given in Section 5 of Reference 1, Voi. II, were used
for this purpose. Results of the test are shown in Figure iT;
associated values of the variocus parameters that were evalua-
ted and deduced, such as P, o, s+ @, are listed in Tablie II,.

The fitting of the universal curves given by Eguation
284 and pictured in Figure 4 involved two kinds of fit: (1)
at least two of the leftwost data points fell on the straight
line section of the universai curve, Operations 1, 2, 3, 4,

5, 635 (2) only one point fell on the straight portion so
that the joining point of the two portions was between the

first and second point, Operations 7 and 8.

The results for A and ¢, in Table II (a) epply to

an assumed scale L = 1000 £ft. In Table II(b) the results
for other choice of L are given as well., The wide varia-
tion shown in the deduced value of Oy » depending on the

value of L used, demonstrates the role and importance of
knowing the scale value. As another interesting point to be
seen, the table shows aleo the influence of flight route on
the amount of time spent in turbuience; specifically, the
largest values of P are seen to be associated with geogra-
phic locations where more turbulence is generally to be
expected,.

Some comments on the success of the reexamination
follow. The matching of the flight date with the universal
curve chosen is perhaps the best ever seen. There is no
arbitrariness about fitting the curves. Further, it appears
that the curves provide a consistent and reliable means for
deducing the values of P and o, that apply. It is noted
also that in the case of Equation® 24, the properties of
exponential and powers .aws are such as to make the fitting
of the analytical expressions to the data a rather easy task.
With the encouraging success indicated here, it is considered
desirable to examine in future work the applicability of the
various generalized exceedance curves to other flight data.

Many aids may be devised to simplify the task of fitting
a chosen universal curve to flight data. One is to plot ex-

ceedance values against x  on log-log paper to judge whether
the data tend to benave as g power law at high x ; the use of
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the fourth power is arbiirary, but the choice helps to reduce
the steepness of the curves and aids in fairing. Another zi.
is the following: convert the excesedance values to a Hfﬁg

basis, divide the wvarizble x Dy several assured values of
o, > miltiply the N/¥, values by e */0%  ana plet the results

against x/o, . The value of o_ vwhich causes the dais
points to 1i& along a horizontai®line at low x is tas de~
duced flight value; the value where this horizontzl 1line in~
tersects the vertical zxis is the P value. To finé the «a
value, multiply the chosen universal curves also by

e"x'/qX and plot; then lay the flight results over these
modified analytical curves so that the chosen flight hori- -
zontax line overlays the horizontal line for the analytical
curves (which should be unity). The value of « is then
found by interpolation by noting where the flight values at
high x/cx fall relative to the various analytical curves.

This reexamination, using the curves of Figure 4, was
made before the curves of Figure 7 (and some of the other
cases) had been established. It is expected, however, that
equal success and similar P and o, values would have been
found if the curves of Figure 7 had Been used.

A summary of the generalized exceedance curves as de-~
rived from the flight data is given in Figure 18 as a matter
of interest. We conclude this section with an observation
that is in the nature of a warning. We should not draw any
hard conclusions from this reanalysis, or from the summary
given in Figure 18 for the following reasons. First, only
a limited amount of data has been considered here. Secondly,
the exceedance data used is, strictly speaking, not of the
proper kind; +the dats represents a certain type of peak
count analysis, but whether the specific count analysis used
represents the results that would be obtained by a level
crossing anslysis - on which the exceedance curves are based -
is not known. Therefore, we cannot judge at this time which
family (or families) of generalized curves represents flight
exceedance the best. We should also keep in mind the following
thought in any future analysis: any exceedauce analysis should
also include data at low x values because knowledge of the
behavior of the exceedance data at low and intermediate x
can be very valuable In predicting how the exceedance curves
should benave at very large x , where data is usually non-
existent. Stated in another way, the tehavior of the ex-
ceedance curve at large x 18 very strongly dependent on
whether the curve at low values of x 1is convex, straight,
or c§ncave, when viewed from above (on the basis of a semi-log
plot).
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SECTION 7

TESTCH PROCEDURES

In the 1ight of the newer developmznts that have been
found in this phase of study, we exawine, in this ssction,

the four design procedurss that were adv&nmed in Reference

1, Essentia_ly, the four procedures still appear sound.

_ Some ¢f the numbers are aitered slightly herein; other rum-
bers still cannot be fixed with certainty until better and

more agprap“laue;v analyzed flight data become availabie.

The discussich is presented for the most part using a
genergl notation for che universal sxceedance curve. In
places, Equation 24 is used to glve specific illustration.

In the lifetime T Qf the airplane, the number n of
exceedances of level x 15 (see Equation 11)

» N _ i i "
, = TN(x) = PIN,f (ox’ ~°‘> (40)
where
o, = Adé

Most of the discussion to follow is given on the basis of
limit load considerations; a trestment of ultimate load is
‘also given, however, i< show that some insight on the near-
ness to or possibility of ultimate load encounter can be
gained, even though possible complications, such as nonlinear
structural and aerodynamic behavior, are not considered.

At limit load, x = Ax; , We wish the expected number

of exceedances, as given by Equation 40, to be equal to or
less than & specified number ng o3 thus

PINE (%,a) <o (41)

In terms of Equation 24b, this relation reads specifically

ao 3\®
X
PTR, (é§f> < ng (42)
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Design Based on W, ¥s. x/A .- For safe design, Equa~-

tions 40 and 41 3ndicate The Following functional relation
between Kb and .x/& : .

i . n o Eﬁ
HO‘S'%3W< X 09 "’F<$}
AN 2
Aoé .
- With-Equation 40, this would read specifically

H, < ey (—E—)G ' (43)

-As mentioned in Reference 1, c¢; can be established by assigning
values to n, P, T, 9, > and™ a , or it may be found in em-

pirical mammer by applying the equation in retrospect manner
- to past gusf~critical airplanes that have proved themselves
airworthy by many years of successful operation. Let us exa-
mine what the second of these iwo ways indicates. In Figure
19, we plot the results of the computational studies that are
gresented in References 8, 9, and 10. We see the expected
shot gun® patiern of points and note that they establish a
reasonsbly well-defined left-hand border, as was anticipated
and hoped. Equation 43 was used to establish the three border
curves shown; the curves, representing a« = 7, 8, and 9, were
all arbitrarily made to pass through the point x/A = 52.5 ,

No =1 ., Specificaglly, the chosen borders are givexn by the
equation
a
= [
. No = <52.5A> (44)

It is noted that, because of the general steepness of the curves,
the border itself is not too critically dependent on the wvalue
of @ chosen. Note also that quite similar borders would be
established if other specific forms of the exceedance curve

had been used,

The resullts shown in the figure are for compubations
based on & scale L = 1000 f4. If, hoyever 1?38 results for

other L values are plotted using %- 1%99 as ths ;
abscissa, as based on the indications of Egquation 34, then 4
similar patterns with the same left-hand boundary are found. 3
It would appear desirable, therefore, to use the absclissa 1S
which includes the T ~factor, since the necesgsity for specifying E

EFN
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I, thereby becomes obviated.

An important point to note in this procedurs is the
Tollowing, In the consideration of various flight conditiosms,
it is possible that one or more flight conditionrs may give
combinations of KO and x/A for =z specific structural de-

sign point that falls to the left or unsafe side of the de-
sign border, while all other flight conditions yield values
which fall te the right or safe side. The composite valus

combination of N, and x/A , as given by Equations 29 and

35b may, however, still fall on the safe side. A proceduie
as follows is therefore suggested. Evaluate NO and x/A

for various flight conditions, and, if the points all fall
on the safe side, the design may be Jjudged safe; there is no
need to establish composite or mission values. If some of
the points fall on the unsafe side, then determine the compo-
site values of NO and x/A ; in all likelihood, these will

fall on the safe side, thus indicating a safe design. If the
composite values fall on the left side, the design should, of
course, be .judged unsafe.

Figure 20 presents some of the airplane computational
results to illustrate these situations. For the RB-57, stress
point 9 appears safe for all four flight conditions assumed.
For stress point 13 however, a combination for NO and x/A

is obtained which falls just to the left of tha design border.
The flight condition for this case is 5% fué) at 50,000 ft.
altitude. In this situation the design may Lz Jjudged safe
without establishing the composite values of N, and x/A ,

since the amount of time spent in this apparent critical
flight condition is surely quite smgll. A similar situation
is found to occur for stress point 1 for the B-58, whereas
for stress point 3, results fall on the safe side for both
flight conditions investigated. The results shown for the
KC~135 are seen to be safe, and serve alsc to show the spread
in points due to various flight conditions.

In general, the concept of wusing past aircraft to es-
tablish a design border for this Ny vs. x/A approach ap-
pears successful. The use of composite walues of NO and
x/A when necessary makes the approach quite attractive and
versatile, The nature of the results found suggest, in fact,
2 simplification worthy of consideration. As noted, the de-
sign borderline is characterized by a marked steepness, so
much so that it sppears a vertical line design border might
serve Jjust as well for practicsl purposes. From the results
shown in Figure 19, we might choose, for example, a vertical
line at an abscisss value of 55. Design could then be couched
in the following concise phrasing; design for gusts shall be




such as

> 55 . This spproach is, of
course, p [

wha zoproach advanced in Referenmce 33 3t ic

anzicgous o ithe discreie-gust aporozch and hey simpileily
as on2 of its meriis. Thnese respivs also bring out again &

point ihat was discussed In 2 previous seciion, nemsly, thal
& 1is predcinent in design, and thzt relatively, H, has 2

o
sscongéary role.

Besign Based on Cozparison.- The comparison chart that
£ollcys from xXauation 20 and wnich takes the place of Figure
6 in Refersnce 1, VYol. Ii, is gziven in Figure 21. The curves
shown are based mn Beuation 42. This method is stili con-~
siderad good. Hot only is it good for comparing one aircraft
design To another design, buc it shouléd be especially good
for cocmpering the adequacy of the 4design at one point of an
adrpianc with the design at another point of the same airplane.
This latier point deserves much attention. Thus, some other
prozedure mzy be used to evaluzte or fix the design at a
given cx "tical reference point on the wing, Jor example, and
then use can be made of the comparison technique to check
other points a2iorg the wirg or elsewhere. When applied in
this way to the sams design, there is no concern over what the
velues of P , T , and o, ( or I ) should be. Again, com-

posite values as given by Equations 25, 26, 29, and 35b, may
be used if desired or needed.

Design Bused on Stipulated O, > P,and T .~ In this
procedure. we specify the values of 9, s P, T, and L to

be used for design (and a particular universal exceedance
eurve); we also Tix the number oy of 1imit load encounterz

acceptabie., Values of A and NO are computed for various

£light conditions and, for siwmplicity, may first be checked
individually. If scme are found to be on the unsafe side for
certain flight conditions, then, as in the previous two ap~-
proaches, corposite values of A and NO (and P ) may be

used to test acceptebility from a mission point of view, De~-
sign can be examined completely and directly on the chosen
universal exceedance curve, &s is indicated in Figure 22.
For limit load, Equation 41 indicates

Iy,

St

PN,

C /

\
(2 . o
C

The left~hand side of this relation fixes the level of the
horizontal line a . For a design to be considered satis-
factory, level & must be equal to or above point A .

Jitimate locad encounter may also be treated, at least in a
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rou Zh gense, by iniroducing the auwber m of airplanes in the
fleet, %We 8o noit ¥ish to encouncer an ultimate lozd during
the lifetdime of the fieet and thus, on the basis that Equation
Lo alse epplies in spproximate fashion to ultimate loads, we
hgve

n, = i >-mPTH0f ('ZE; s %) ~

or

S m——%—%>f(:;‘%,a>

In this case, the lefit-hand side fixes the level cf fhe hori-

zontal line b . The example numbers ghown in Figure 22 serve
to illustrate the procedurs.

The "master design" chart form suggested in Reference 1
may also be used in an alternative way ©O cssess the design.
Figure 23 illustrates the form, using Zquation 24b with
a =8 +to establish the curves. This particular form was
suggested because of the anajiogy to and possible use for
Patigue considerzstlons, as brought out in Reference 1.

The following comments are intended to be of a2 general

nature, and indicate one means for establishing the number

of 1imit Xocad encounters that mignt be appropriate for design
use. The process is aémittedly open to some question 3incé
ultimgte lcad aspects are involved, and since the numbers
found are dependeni on the particular exczedance curve chosen,
but at least order of magnitude values should be indicated,

If Equation 28b and the abscissa relations shown on Figure
22 are used, the following simple relation for the ratio of

the number of limit load encounters to the number of ultimate
load enccunters is found

(1.5 + .5
n

u

S’

S

<.
e

This relation yields the resultis
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[RCOLT Lo 3 L S

r or K];-g ;—3—
a=6 7 8 9 10 1
1 bl 128 256 512 1024 }
1.5 38 70 128 23 130 g
2.0 29 - 50 g8 154 270 {4

Statisticaily, these numbers indicate the number of limit load
encouriters that may be expected for the fleet for one expected
ultimate load encounter; for example, 512 are indicated for
the cagse of r =1 and a =9 . From these numbers and & A
consideration of airplane fleet size, we can egtablish the .
number of 1imit load encounters per adirplane that 1is reasonable
to uge for degign, Thus, for the example ratio of 512, the .
- £911lowing reletion bebween fleel size = and limit load en- 1
counters~nL> per airplane must be preserved so as not to ex-

A

ceed (statistically) one ultimate lcad encounter of the fleet §§
o :

m n; - 3

64 <8 ¥

128 < 5

256 <2

512 <1 3

1024 < % §

; i

These numbers simply reflect the fact that if more airplanes
are inveclved, then the chances of encountering ultimate load
increase. Cther excsgedsnge curves would iandicate diffarent
numbers, but we must awall bhetier experimental esvidence to
Judge which curve is the must reallstic to use.

" a2
sharve:

Design Baged on Misgion Approzch (Utilizing exceedance
curves for each segmenti.~ The misgion spproach, in wpich eox-~
ceadance Ccurves sre egvablished for sach assumed missgion seg- ?
ment and then summed, iy not developed further herein as g
design tool. 4 supplemental rsport to this report ls inten-
ded, howsver. He cover additionzl developments and newer
ideas on this epproach. In reading the subssquent diascussion,
the following thought should be kept In mind. Mos® of the ob-
gervaticng are made here in & negative vein; poelblve aspacts ;
wiil be dealt with in the supplemental repoxt. Fne lack of :
support indicated heye 18 not tiscause thwe mission approach is '
felt Lo be improper. The principal investigaior of the present
report, in fact, first advsnced the use of generslized 2x-
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ceedance eurve 1in a mission approsch in Reference 11, and
restated ti concept in Reference 3. The approach is still
eongidered gocd; but ynfortunsiely not enough information
exizta &8 yet to place it on an accepizble f£irm basis.

AT the present time the gsegmented mission spproach is
recomaended wot #8 a direct desizgn tool, but rether as a
means for assessing how the charactsr of the expected load
history iz changed if ihe aircraft is utilized in different
vays. There are several reasonsg £or these observations.
The main rezsor 1s that tos many unceridainties s%ill exist
with respect to the ingut guantities., In the treatment of
physical problems in which uncertainty exists, there is some-
times a tendency to add yet anciker ingredient to the problem
in the belief that, the situation is made clearer. In realily
though, the problem has been made sll the more uncertsin.
At present, the segmented approach, while potentislly a sery
powerful tooli., has many of these aspects. In pariicular,
vwhen evaluated on the baszis of the number of statisbicsl
variables involved, the approach has four independent variables:
- these may be staied in varicus ways, but a common way zzpresses
them a8 2 proporticn of {ime values, and 2 gust severity
velues. While attemnts haye been made to establish these
values, they are still very uncertain.

The approaches given hersin can accomplish everything
that can be done with the segmented zpproach, but in & much
abbreviated way, and with fewer varisbles. Corresponding to
the four variables mentionad, there are only three, or less,
invelved in the approaches of this report - specifically P,

Oy s and a (for the NO vs. x/8 approach, there are none),

The uncertainty of a fifib wvarisble, which is common ic all
procedures, the scale L , has also been removed to a large
extent., In a sense the uncertainties that exist with all the
specific generalized exceedance curves of the mission approach
are here lumped together into s sgingle curve described by the
parameter <« , The underlying thought is that instead of
summing together, say, 10 different curves, each of which has
a degree of uncertainty, why not choose a single curve repre-
senting the sum, which, even though it tor may be somewhat
uncercain, is at least guidea or constraired more directly
by past experience results,

An illustration of the pitfall that may be encountered
if design is made on a mission basis is afforded by back
reference to Figure l7e. These results were obtained from
three different airplanes of the same type that were utilized
in three different ways, but at essgentially the samez mission
altitude. The questlion suggested by these results ig: how
mi¢ 1t a mission have been conceived for design that cculd
have covered the load histories actually experienced? A
mission covering the lowest curve might have been conceived
only to find that the resultis given by the top curve were
obtained in utilization of the aircraft, 7The answer 18 that
the mission conceived must cover sll pcasible futare uges of
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SECTION 8
CONSIDERATION OF STRUCTURAL INTERACTION EFFECTS

The exceedance considerations discussed so far in this
report apply to any response quantity which can be treated

separately. It is known, however, that there are often points

in airecraft structures where the strength is governed by
structural interaction boundariés, that is, the sirength de-
pends on the combination of two giresses, such as an axial
stress and a shear stress. The problem of d°term*ning the
number of times a given interaction boundary 1s exceeded is
therefore present.

The means for determining the expected number of ex-
ceedances of a given structural interaction boundary has been
developed in s separate study. The procedure ls general but
quite simple, and exact solutions have been obtained for cer-
tain cases. A report covering the study is under preparation
and thus no further discussion will be given here.
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SECTION 9°

PROBABIGITY OF EXCEEDARCE ¥OR GIVEN FLIGHTS

In the development of this report there is no explicit
considerstion given to establishing probability of failure
or the probability levels of exceeding certain lcsds, such as
1imit load. The reason is that there is no need to 4o This.
There may be interest and concern, however, in the cuestion
of what is the probebility of exceeding a certain load level
in a given number of hours of routine flight, or for flights
such as extended operation tnrough known severe turbulence
conditions. An analysis of this probability problem is given
in this section. -The resuits are basic and apply in general
to the probability of failure or the probability of survival
for structures exposed .o random roading. Three sclutions
are presented. )

A fundemental ingrediént to al: solutions is the sverage
repeat time for a given load level. From the generalized ex-
ceedance Equation 11, this velue is

where f d1is understood to represent the function f(c s
We asx then, what is the probability that the lozd level x
will be exceeded in time T .

. The 4irétvsolution is approximate. We assume that T
18 very smell compared to T . Then the probability »{ ex-
ceeéanco is simplv -

N
>
<

. o o P(X?T)

TPH . (46)

The sslution obviousiy breaks down when T approaches or
gxceedas Ty . (Neote in this presentatlion the distinction
batwaen,tne functional notation P(x.T) for the nrobabllity

and the proportion cof tiwme P shouid oe kept in mind; P will

pe need ﬁhrbughoub the remainder of this section to denote the
proporvicn of time P .}

The second solution follows thz line nf reasoning used

in a private commumication from Prof. B, Bthin, L2t T be
divided iriec s sequence of smell intervals At  such that

5

e g s R Ao e ottt e ]

1

AN e A e —y
N
e

e

By i o A e B I

1
N

L.,

g
worded 1% yay

o QYW &
BRI g £ NN ety S o

<M



T = pAt snd that At K Tx' , and assume that the probability

of Xx Dbeing reached in any particular interval 1ls independent
of whether x was Pgached-in any other intervel. The proba-

bility of reaching x in At 1is therefore

At
T

P(x,At) =
' X

éa-th&t'@ha:probability-that X will not be reached in At is

-

Any : At
,Q(};,A‘b)=l"P=l""f;

Lt 33 * S
£
¥ Il

By the assumption of independent events the probability that
X will not be reached in the n suctessive intervals is 3%!
'gé
n P
; . t £
Q(x,n4t) =(1 - 8 B
T Tin X ?
T - Y
n'l‘X 3

For n very large, and by the known relation that

n
lim (1 - %) =e"®

n-s o

the value for 4§ becomes

Q(x,T) = ¢

Hll-i

X

From thils relation the probabllity that x 1s reached in time
T 1s found to be
T

- eve—

P(x,7) =1 ~e ¥

¥
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With Equétion 45 this yields the desired result for P

- TPN.f(x)
P(x,7) =1 -e 0 ) (47)

This equation is noted to be associated with the Poisson
distribution, A

It is questionable whether Equation 47 properly repre-
sents the actual characterigtics of a random function. For
one thing the equation is based on the average repeat time,
tut in reality the repeat time is variable and must be
characterized by a distribution function. Secondliy, the
equation does not yield the correct results when applied’
to a deterministic function such as a sine wave, as is the
belief that ic should. A development which overcomes both
of these objections is the following. Congider the random
function shown in the following sketch

t

e

AN AT AN A AV W
SEACAR Y A WL B

We are interested in the probability of whether the level Xx
will be experienced in a given time interval T . By way of
illustration we first analyze the situation on the basis that

is characterized by a discrete value distribution; after-
wlrds a continuous distribution function for tx is ccnsidered.

Suppose thet the individual tx values are read over a

long time interval and that when these values are grouped in
interval brackets, that the following specific distribution
diagram is found
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To £ind the prOUability of encountering x dia time T we - - %

can make use of a prcbability wneel of the following type ]

e_— X encounser

—- Spinner ;ﬁ’

The ;actor a i, inserted simply to convert the time valuves
to angle notaticn, such that

Assume, for illustration purposes, that

t3 <TKL tﬂ

Then, through the consideration of many repeated spins of tThe

dial, the probability that the shaded area will not cover an
x encounter in a single try l1s

2(ty - T) + (tg - T)

48
L F Rty ¥ 3t + 2%, F i, (48)

Q(x,T) = T

The probability of encountering x is thus

2(ty - T) + (tg - T)

P(x,T) = 1 - Q(x,T) = 1 - -
’ > €+ Bt, F 36, ¥ 2y ¢
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the n diagram, or speclfically

Lty By 36y 2ty + 5 19)
L R ERENER {43
=t, if &, = iAT
I} 1

A generglization of this elementary model may be made
as zhown by the follcowing density pliot and eguations

g
D ) n-
in
How l
g i Dy
L L
. ; . /\, N B !
T Yo U3 3.1 Yy Y4
where
n=n1+n2+n3+...
n
Y
Pi =
-
oy =1 (50)

it}

In analogy to Equations 48 and 49, and for T < T, , We may
write the probability of not encountering x as

ny (84T ny gy (B T) + g (B407T) + ...
nlt

QX}T)= 1 £
( 1":'1’12&24‘113{23‘*’.‘.
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and the average repeat time T, 85

S -ﬁ—-tl'}"i-—tz'l'....s o ‘;'f.l\isg; o
X7 my Ny T a3 (52)
E‘j*‘ﬁ-"'}....... J=1

In the limiting case as the interval AT ='t5 - timl becomes

smell, the p distribution may be expresged in continuous form
as shown in the following sketch

Mean Value

p(x,t) :

t

which by Equatvions 50 and 52 has the properties

‘/vp(x,t)dt =] (53a)
0

ftp(x,t)dt = T, (53p)
0
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The generalized ¢ egquaticn hecomes

{t = Typ(x,t)dt

pd

gl —s

Q(x,T) =

>

= & [ (6 - Dp(xt)as
ftp(x,t)dt T
0

We have finally, therefore, that the probebility of encountering
X dn a time T 1is given by the equation

P(x,T) = 1 -~ Q(x,T)

R

1- 4 Tf (t - TYp(x,t)at (54)

This relation is general and should apply to all stationary
functions whether random or not., The precise form of p de~
pends on the nature of the random variable; for a sine wave
p becomes a Dirac function at the period of the wave,

The nature of p for gust encounter loads is not
known as yet, but estimstes of P can nevertheless be made
by assuming various forms of p . Two cholces have been
studied; they are

Case_a, _nt

£ — n nt n~l Tx
p(x,1) Txp(nj (’T’};) e

I

Case b, 2
“b(t’tl)
p(x,t)

gte

The second case is presented in form only because the coeffi-
cients a and b are defined by rather lengthy expressions
involving exporientials and erf( X. Figure 24 shows the
graphical nature of these distribution functions. The results
found from Equation 54 for these two cases are shown in Figure
25, along with the results indicated by Eguations 4o and 47,
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To bring out bvetter the behavior of the curves near P =1 ,
probability of not exceeding are given in Figure 26. The
results obtained for extreme values of either n or Kk are
noted to be of gpeclal and remarkable interest, Case a, yields
Equation 46 for n = o , and Equation 47 for n = 1 , whereas
Case b, gives Equation ﬁ6 for k =« and for tl = ~o yields
the n = 2 result for Case g.

. The results are general. In application to the gust
loads, it is noted that the results are presented in terms
of the average repeat time as given by Equation 45,

Although information is not available at this time to
Judge the validity, the results given by Equation 54 look
very satisfying. The assocliated curves given in Figure 25
appear as generalizations to Equation 47. It is noted also
that the distribution functions p approach a Dirac function
as the parameters n and k become large, and hence apply
to a sinusoid as g limiting case; the corresponding proba-
bility curves pass in the limit to the approximation given
by Equation 46, which is correct for a sine wave. Although
there is no supporting evidence, it is felt that the proba-
bility curves in the range of n = 10 - 20 in Figure 24(a)
and k =2 - 2.5 1in Figure 24(b) apply to the gust load ex-
ceedance case.

The results given in Figure 25 can be used in several
ways to determine the probabllity of exceeding certain loads,
One of course, is on the basis of routine flying. Perhaps a
more significant use, however, is with respect to establishing
probabilities for a certain flight, or succession of flights,
into known severe turbulence conditions., Results can be quite
stertliing. Two examples illustrate the point. Consider that
a design was made using the following values:

é;’ = 16
P = ,08
T = 15,000 hrs, = 54 x 106 gec.
Ny = 1.05
pL =5

and that the a = .005 curve of Figure 7 was the universal
exceedance curve usged for design. The k = 2 curve of
Figure 25(b) 1is chosen to determine probabilities.

‘ Example 1:

We wish to establish the protabllity of encountering
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| 8 load equal to helf the 1imit load in 10 hours of routine
flight; for this instance we have

ey 4
f(gi-) - £(8) = 1 x 10

.08 10 x 3600 x 1,05 x 4 x 10’4

0

T _= X
L sm(2)
Ty 0\ o,

= 1,21

From Figure 25(b) we find P = ,955, In addition we wish
now to determine the time to reach this same probability
level if flight 1s mede completely in turbulence that is
2,5 times as severe as the average. In the latter instance

P = x .8 _

P=1, 0 18 2.5 times as large or o ~72.5" 3.2, £(3.2)
- F

= 4.2 x 1072 5 and.%L' mast be the same to yield the same

| X
probability, hence

K M,

PIN (-?5-) = 1,057 x 4.2 x 2072 = 1.21
Ox

or
T = 27.5 sec.

In sumary, for this example, it takes 10 hours of normal
routine flying to yield a probability of .965 that a load
level one-half the limit load value will be reached, but only
27.5 sec, of fiying in turbulence which is 2.5 times as se~
vere as the average to achieve the same probability.

Example 2:

¥We wish to determine how much time can be flown con-
tinuwously in turbulence that 1is 2.5 as severe as the average
to obtain the same probability of encountering limit load
#8 1s obtained in flying routinely for a time equal to the
dssign life of the airplane, For the lifetime routine flight

we have

T A A 2. WP okT S NS

.08 x 54 x 106 x1.05 x 1., x 1@'6

#

T =
"_‘f"; = P’fﬁof(lG)

=5

\
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Tre associgied probadllity 1s practically I, For the severe
turbulence fiight to have the same probabliliiiy we have, with

-‘: -
T =1, £ =25 = 6.4,2(6.4) = 1,667 x 1073, the rollowing
x e
relagtion

*-3“-3
i

5 = 'PT:-zOf (—5’2)) ~ 1,057 x 1.667 x 1073

and 80

7.7 min,

L=
it

These examples serve to show the vaiue of a probebility
of exceedance analysis, and indicaye that probability considera-
tions of the type illustrated can be quite usmeful in judging
whether g specific flight in known severe conditions should
be made or not.
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SECTION 1. -
CONCLUSIONS 1¥D RECOMMENDATIONS

The conclusions and r commendations fthat are indicated by
this study dealing with the development of power spectral
methods for designing aircraft for gusis are lisfted in this
section.

First, as a genevral observation, the use of specirsl tech-
nigques for gust design appears soupd and feasi»le, and it .8
recommended that su~h a procedure pe Aincorpori.ed in design
specifications. Tnds recommendativ:. doeg not mean %ot the
discrete~-gust design technique should be abandoned. The atti-
tude taken toward the discrete~gust method is that berause of
1ts basgle simplicliy 1t still may be used to rough out the
design In the early stages; the power speciral technique then
serves {he purpose of ~hecking on the design or uncovering
unususl response aspects which cannot be brought out rationally
by the discrete~-gust teclnique. We might summarize the use of
the power spectral approach as follows: (1) If sufficient
structural and aerodynamic information ig available eariy in the
design stage; then design by the power spectral approach, (2)

If the phasing of the design 1s such as to preclude making use
of the spectral approach initially, then rough out the design

by the discrete~-gust procedure and subsequently make a detalled
check by the power spectral agpproach, (3) Even if not used
initizlly for a gliven design, the power spectral method repre-
sente a3 powerful tool {0 determine how the expected load history
may be influenced or changed 1f the ajlrplane is used in different
ways or in a manner different from that originally contemplated.

With respect 1o future study effort, the following observa-
tions are made:

e
7/

1) The values of ¢, ap’. L are still uncertain and
should be establ¥shrd more rationally.

2) The questionable reliability of the derived gust
history records at low frequencies 1s one of the
priacipal reasons for the state indicated inifem
{1); thus, a much better appreciation of record
content muet be established.

3) The operational stetistics of various alreraft
should be examined to evaluate which form (or
forms) of the many generalized exceedance curves

pregented appears to repregent load experilence
the best.,

4} The study mentioned in item 3 should also include
ar examination of whether the shape uf the

¢credance curvag can be correlated with mission
catezory .
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5} Load lesel cros.ing studies should be nade of

£) Additional values of N

7)

gust response recoriz’ resuits should dbe cor-
velated with previcsz:; used pesk count proce~
dureg., Any level crossing stuacy should also
include the range of low x vsliuez, since in~
formation in this range may provide = valusbls
ciue as to how the tail of the exceedance curves
ghould behave.

0 and x/A shouid be es~

tzblished for other gust critical airveraft as z
means for providing further substantiation to the
results and design boundary given in Fizure 19,

Gust response records should be evaluated to es~
tablish experimental distribution functions for
repeat time as used in the probability study
given in Section 9.

With respect to the spectral design procedures, vhe
following recommendations are made:

1)

2)

1600 1/3
The design kased on the plot of NO vs. R_7E )
and represented by Pigure 19, is the recommended
first cholce as a design procedure, Composite
migsicn values of A and No may be uged if

necessary. This procedure is just about as sinple
as can be conceived, yet which retains all the
baslic rational elements of the problem, 8erious
congideration should be given to adopting the
further simplification of this procedure ~ that
of specifying the lower 1limit to %9-921/ 3

only, which on Figure 19 is a vertical 1ine.

Design based on the universal curve and sgpecified
(or composite) values of o, , P, and T (Figures

22 or 23) is recommended as a second choice. As
mentioned, uncertainties still exist as to what

values of O, > P, and L shculd be used. The

procedure, novever, provideg for additionsl rele-
vant design information, such asg load information
Tor fatigue considerations.

The comparison technique is not included in an
orusr of choice basis, This procedure is consi-~
dered a valuable adjunct to any procedure that is
being uged. It is valueble in evaluating the de-~
sign at various locations on a given aircraft,
and in many instances can itself serve to be the
complete deslign tool.
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L) The segmented missicn approach involving the use

of an eseceedsance curve for sach mission segment
is not ircluded as a design procedure af this
time, The main reason 1s that too many uncer-
tainties still exist with respect to the Anput
quantities. The use of this procedure as a means
for assessing how the expected load history is
affeovted by different aircraft utilization is,
howewvey, recommended. Further developments on
this approach are to p2 covered in a supplemental

report.
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APFENDIX A
EFFECTS OF FILTERING ON L

Evidence is that the time histories of gust velocities
as derived Zrom airplane flight data contain long wavelength
contaminations of uncertain magnitude and frequency range.
Knowledge of this low frequency "noise” is important because
its presence has a major influence on the values of %% and

L that are deduced. As an example, in Reference 8, it is
shown that scale values of over 50,000 £t. are found in some
caseg from the raw time history records of derived gust velo-
cities; such values appear to be unreasonably out of line.
Because of the dependence ¢of o, and L on record autaenti~
city, the principal investigatgr of this report has recommen~
ded often that long still air flight tests which include de-~
liberate pilot induced maneuvers be conductad with the instru-
mented airplane., The reccrds obtained from such flights
should give a good indicatjon of what can be believed and what
cannot in the gust records, In the agbsence of these studien,
other means fgr :ombating the apparent low frequency noise
have been used, Iine of these methods consgists of arbitiarily
filtering out %ie low frequency components. The effect “hat
such filtering has on the deduced values of scale should,
however, be appreciated more, An analysis is therefors given
in the following, which indicates the general effect of fil~
tering.

Congider a raw time history of a random variable y(t).
The time history obtalned by pagsing this raw function through
a low pass filter is

7¢(6) = [¥(%) n(6-7) ar

where h describes the filter characteristics (although not
necegsary, we assume that the filter used has symmetrical
characteristics so that pnase distortion is not introduced),
The time history with low frequency components removed would
thus uppear

Y(t) = y(t) —\/‘y(f) h(t-7) de
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The Pourier integral transform of this equation is

g AV T

Pylw) = F (o) - F (@) (o)

54
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where H 1is the filter frequenecy vesponse. The gpectrum for
Y then follows as

syl@) = |1 - B(o){%,

E
Sowas”

To establish the effeet of filtering on the dc wmced
value of scale L , we mu2 use of Equation 6 of Reference 1,
Vol. IX, giving the tmmecated r.m.s. valuve 0y 5 nanely.,
,885aw

A2
(rg y*3 )

and postulate the equivalence shown in the following sketches.

Ul =

Scale L
2 s &4
g~ (Total Area)

boa1.
rane

Q
V)

>
i

! %
The spectrum on the left applies to the raw aata, and on the )
assumption that these data represent real gust informaiion, we i
fit our chosen analytical spectrum equation (sayﬁ Equa.ion 4, 23

Vol. II, Heference 1) and deduce an apparent or "raw" scale L .
The second sketch represents the filter transfer function. 1In

accordance witn Equation Al, curve a in the third sketch jE
represents the spectrum of the filtered time history. The N
quantity ofz denotes the wean square value of the filtered 5

time history. We assume, however, that spectrum a is re-~
placed by an “equivalent" spectrum b , on the basis that b
represents the real world situation much bhetter than a ;

; stated from another viewpoint, if we had a means for preclsely
& extracting the contamination from the raw data, then the fil-
tered data would presumably lead fto spectrum b , not a .
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The Fourier integral transform of this equation is

Fy(w) = Fy(e) - F, (o) B(a)

where H is the filter frequency vesponse. The gpectrum ror
Y then follows as

’E
S s”

byl@) = |3 - B(e)|%s,

To establish the effect of filtering on the de aced
value of scale 1L , we mzi2 use of Equation 6 of Beference 1,
Vol. II, giving the tmmeated r.m,.s. valve 0y s nanely,

¢885aw

A2
(noy)*3 )

and postulate the equivalence shown in the following sketches.

_m\&/Seale.L

2
o (Total Area)

Ul ==

bea1,

Q
N

><
H]

The spectrum on the left applies to the raw aata, and on the
assumption that these data represent real gust informatiion, we
f£it our chosen analytical spectrum equation (say? Equavion 4,
Vol. XI, Heference 1) and deduce an apparenit or "

The second sketch represents the filter transfer function. In
accordance witn Equation Al, curve a in the third sketch
represents the spectrum of the filtered time history. The

quantity ofz denotes the wean square value of the filtered

time history. We assume, however, that spectrum a is re-
placed by an "equivalent" spectrum b , on the basis that b
represents the real world situation much better than a ;
stated from another viewpoint, if we had a means for precisely
extracting the contamination from the raw data, then the fil-
tered data would presumably lead to spectrum b , not a .
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raw" scale L .
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The squivalent specirum is defined as one which has the shape
given by the analytical expression adopted, which has a mesn

square vslue afe' and which passes through the same data

=P
points at the high frequency end, and hence has the same trun-
cated value gy w ‘The scale valve L, associated with this

eguivalent spectrum must then satisfy an equation similar to
Equation (42), specifically

.885qf

Oy = ——= (A3)
1 1/3 :
(To2)

Division orf Equation A2 by Equation A3 leads then to the fol-
rowing rex~"ion defining the scale Lf vhich effectively
chacterizesr the filtered data

3

Y

. = (£
1 - ()

This simple equation can be used to show the effect of filtering
on the deduced scale value., Results are shown in Figure 27 for
two different assumed ideal filters. The following equations
define the filters chosen

Case 1 643w -.643w |t
c (¢
h=—p e
2
(1.554«») 0
1 - 5o i |
1l ~ H{w =
\2 |
1+<;_u52‘(.9)
17
c V4
Case 2
—— . ;.sin aht
T T
’l -H(w)igs_—o m<w¢3
= 1 w‘)wc

~1
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Note, =2, & ~corrésponds to o, ,and T = g .
’ ‘ ‘ ¢ ¢
" Note that the scale L, associdted with the filtered

data drops off rapidly as the f£ilter cutoff frequency 5% is

increased, and more significahtly'that.at the higher Qéfs the
values of L, ‘become the sameé régardless of the valus of the

rew scale L . There is perhaps a significant impliication in
thege results. If we consider, for example, that the informa~
tion contained in the raw data for frequencies beloW'$% = ,0005

(wavelengths greater than X, = 27/, = 12,560) is all contami-

nation, then we see that zcale values on the order of 1200 ft.
are indicated. We see .from these results the importance of
establishing whether the information given by the raw time
higtory is real or not. ‘The results also Suggeet the warning:
do not arbitrarily filter the data unless definite guidelines
are on hand to gulde the filtering and unless the effects of
filtering on the end results are fully understood.
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and recommendations are accordingly made
for appropriate future research effort.
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